Background Understanding the relations between the architecture of myocardial fibers, the spread of excitation, and the associated ECG signals is necessary for addressing the forward problem of electrocardiography, that is, predicting
Background Understanding the relations between the architecture of myocardial fibers, the spread of excitation, and the associated ECG signals is necessary for addressing the forward problem of electrocardiography, that is, predicting intracardiac and extracardiac ECGs from known intracardiac activity. So far, these relations have been studied experimentally only in small myocardial areas. In this study, we tested the hypothesis that potential distributions measured over extensive epicardial regions during paced beats reflect the direction of superficial and intramural fibers through which excitation is spreading in both the initial and later stages of ventricular excitation. We also tried to establish whether the features of the epicardial potential distribution that correlate with fiber direction vary as a function of pacing site, intramural pacing depth, and time elapsed after the stimulus. An additional purpose was to compare measured epicardial potentials with recently published numerical simulations depicting the threedimensional spread of excitation in the heart muscle and the associated potential fields.
Methods and Results
The hearts of 18 mongrel dogs were exposed and 182 to 744 unipolar electrograms were recorded from epicardial electrode arrays (2.3x3.0 to 6.5x6.5 cm). Hearts were paced at various intramural depths through an intramural needle. The overall number of pacing sites in 18 dogs was 241. Epicardial potential distributions, electrographic W l then an excitation wave front initiated by point stimulation propagates through atrial or ventricular heart muscle, it assumes an oblong shape that reflects faster conduction along the direction of myocardial fibers.1-4 ECG waveforms and potential distributions generated by the spreading wave front are also affected by fiber direction. Previous studies showed that in the initial stages of propagation, when excitation spreads through quasi-parallel fibers, ECG R waves and positive potentials are recorded primarily from those regions toward which excitation propagates along fibers.3-5 Potential distributions elicited by point stimulation showed a central negative area surrounding the pacing site and, just outside the negative area, two positive regions, each of which contained a positive maximum (site where the potential value was positive and higher than that measured at all surround-©3 1994 American Heart Association, Inc. waveforms, and excitation time maps were displayed, and fiber directions in the ventricular wall underlying the electrodes were determined histologically. During the early stages of ventricular excitation, the position of the epicardial maxima and minima revealed the orientation of myocardial fibers near the pacing site in all cases of epicardial and intramural pacing and in 60% of cases of endocardial or subendocardial pacing. During later stages of propagation, the rotation and expansion of the positive areas correlated with the helical spread of excitation through intramurally rotating fibers. Marked asymmetry of potential patterns probably reflected epicardialendocardial obliqueness of intramural fibers. Multiple maxima appeared in the expanding positive areas.
Conclusions For 93% of pacing sites, results verified our hypothesis that epicardial potential patterns elicited by ventricular pacing reflect the direction of fibers through which excitation is spreading during both the initial and later stages of propagation. Epicardial potential distributions provided information on the site of origin and subsequent helical spread of excitation in an epicardial-endocardial, endocardial-epicardial, or double direction. Results were in agreement with previously published numerical simulations except for the asymmetry and fragmentation of the positive areas. (Circulation. 1994; 90:3076-3090.) Key Words * potentials * electrocardiography * electric stimulation * anisotropy * mapping ing sites3-7) (see Fig 2D) . The axis joining the two maxima was always nearly parallel to the direction of the fibers near the pacing site. Thus, potential patterns elicited by point stimulation revealed both the site of origin of excitation (center of negative area) and the direction of the nearby fibers. These effects have been observed in superfused myocardial laminas,3 on the epicardial and endocardial surfaces,4-7 and in volume conductors surrounding an isolated heart.8 The counterclockwise (CCW) rotation of fiber direction from epicardium to endocardium9-1 further affected wave front shapes and potential distributions both on the epicardium and in the ventricular walls. 5, 6, [12] [13] [14] On the basis of the above studies, we made the hypothesis that epicardial potential patterns recorded in the initial stages of a paced beat, when excitation spreads through quasi-parallel fibers, would reveal the orientation of the fibers near the site of pacing, even when the pacing site was intramural or subendocardial and, importantly, even before the arrival of excitation at the epicardial surface. A second hypothesis to be tested was that in later stages of ventricular excitation, intramural propagation through rotating fibers would also affect epicardial potentials in a recognizable way. To test both hypotheses, we recorded epicardial potentials from the ventricular surface of exposed dog hearts during ventricular pacing, and we tried to identify those features of the potential distribution (eg, number and location of potential extrema, voltage of extrema, shape of equipotential lines) that best correlated with the direction of the myocardial fibers through which excitation was spreading. We also tried to establish whether the features that best correlated with fiber direction varied as a function of pacing site, intramural pacing depth, and time elapsed after the stimulus.
Our initial, tentative prediction, based on past studies, was that for all pacing depths, epicardial potentials would show a central negative area, revealing the epicardial projection of the pacing site, and two peripheral maxima indicating the direction of the fibers near the pacing site. This information cannot be obtained from epicardial excitation time (isochrone) maps, which depict the spread of excitation only after excitation has reached the ventricular surface. We also expected that the magnitude of the epicardial potentials would be lower for deep wave fronts, in view of the greater distance between the current sources (wave front) and the measuring site (epicardium). Finally, we tentatively expected that during later stages of ventricular excitation, propagation from epicardium to endocardium, through CCW-rotating fibers, would produce a progressive CCW rotation of the epicardial potential pattern during the QRS interval and endo-epicardial propagation would produce a clockwise (CW) rotation. Verification of the second hypothesis would show that epicardial potentials reveal whether intramural propagation is occurring in an epi-endocardial or endo-epicardial direction or in both directions (from a midwall site). Preliminary experimental studies5,14 and model simulations15 support these predictions.
An additional purpose of the study was to provide a detailed description of epicardial potentials, as affected by fiber directions, for a number of different excitation sequences. Knowledge of these patterns is necessary for addressing the forward problem of electrocardiography (predicting ECGs and potential distributions from known intracardiac sources). Epicardial potential maps help in solving the forward problem because they simultaneously show (1) the epicardial current sources (wave front), (2) the potential distribution generated by the sources, and (3) 
Methods
Eighteen mongrel dogs weighing 10 to 25 kg were anesthetized with 30 mg/kg IV sodium pentobarbital. Additional amounts of anesthetic were administered during the experiments as needed. The heart was exposed through a left thoracotomy (14 dogs) or a longitudinal sternotomy (4 dogs) and suspended in a pericardial cradle. In each experiment, unipolar epicardial electrograms were recorded with one of four different electrode arrays containing 182, 250, 525, or 744 electrodes, respectively (Fig 1) . The arrays were fabricated by fastening 0.002-in or 0.003-in silver wires to a piece of nylon stocking as described by Arisi et Epicardial pacing produced well-defined excitation potential patterns at 5 to 8 milliseconds after the stimulus. For deeper pacing, well-defined patterns emerged from the background noise between 6 and 14 milliseconds from the stimulus. The delay increased with increasing pacing depth.
Epicardial Pacing
On both ventricles, epicardial pacing produced potential patterns with negative potentials surrounding the pacing site (-5 to -30 mV) and two positive maxima located along a straight line that passed near the pacing site ( Fig 2B and 2D , sites at 3.16 and 2.91 mV). The two maxima had approximately equal voltages, ranging between 2.5 and 6 mV in different experiments. At 7 to 9 milliseconds after the stimulus, an array of roughly elliptical, densely packed, negative equipotential lines became clearly recognizable in the negative area (Fig 2B  and 2D ). This array outlined the intersection of the wave front with the epicardial surface. Its major axis was always parallel to fiber direction near the pacing site (dashed straight line in Fig 2B) . Its position, shape, and orientation were similar to the position, shape, and orientation of the isochrone line corresponding to the same time instant within the limits of our space resolution. (Fig 2C) . The close correspondence between isochrone lines and the array of negative equipotential lines could also be observed during later stages of propagation. From now on, we will use the term "wave front" to indicate either the isochrone line or the array of densely packed equipotential lines that outlined the wave front.
The potential distribution observed outside and inside the wave front in the initial stages of propagation ( Fig 2D) During the initial 5 to 10 milliseconds after an epicardial stimulus, the two potential maxima either faced the narrow ends of the elliptical wave front (that is, those portions of the wave front that propagated along fibers) or, more often, were slightly shifted CCW (Fig 2B) . The amount of CCW shift ranged between 00 and 150 at 10 milliseconds after the stimulus. The shift was also observed in model simulations15 and can be explained by considering that at 5 to 10 milliseconds, the wave front had reached an intramural depth of 2 or 3 mm and therefore was spreading through fibers whose direction underwent some degree of CCW rotation from the epicardium to the deepest point of the wave front. The position of the epicardial maxima reflected the average direction of the fibers through which the wave front was spreading at 5 to 10 milliseconds. The positive equipotential lines surrounding the two maxima had an oval, elongated shape and were slightly tilted CCW relative to the major axis of the wave front ( Fig 2B) .
Thus, in the early stages of an ectopic beat elicited by epicardial pacing, we observed four electrophysiological indicators of fiber direction near the pacing site: the orientation of the early isochrones, the orientation of the elliptical negative lines outlining the wave front, the orientation of the line joining the two maxima, and the elongated shape of the positive equipotential lines. When fiber direction varied in the area explored, pacing at different epicardial sites produced potential distributions in which the four indicators revealed the varying fiber directions. Differences of up to 750 were observed within the area explored. Thus, the distribution of fiber directions at the epicardium could be detected by multiple pacing, without histological examination. Previous work showed that a local necrosis of the superficial fibers in a very small epicardial region (<1 cm2) was revealed by the disappearance of the potential maximum in the necrotic area.5
The distributions of potentials and currents described in Fig 2 are similar to those observed by Spach et al3 in a122) except for the absence of a small positive ridge lining the portions of the wave front that propagated across fibers. Similarly, the electrograms we recorded from the areas toward which the wave front propagated across fibers did not show the slight positive-trending hump preceding the intrinsic deflection, as described by Spach et al. We attributed these differences to different experimental conditions: (1) our measurements were taken at 200 to 300 ,um from the surface of the active fibers (see "Methods") (at distances >50 ,um, in the experiments of Spach et al, the positive ridge was greatly attenuated and almost nonmeasurable); (2) in the study by Spach et al, the extracellular currents going from the positive ridge toward the resting area could reach the current sinks inside the wave front by flowing through the conducting volume above and below the elliptical wave front. These pathways were not available to the currents in our experimental conditions, because our potential distributions were measured at the insulating boundary of the preparation and the wave front was a closed, semiellipsoidal surface. Our results are similar to those computed by Geselowitz et a123 for a semiellipsoidal wave front, but here again, their simulated conditions were not identical with ours.
The electrograms (EGs) recorded from the epicardial electrodes at a distance of a few millimeters from the pacing needle showed initial small R waves only in those regions toward which excitation moved along fibers (Fig 3A, EGs 1 and 4) and totally negative waveforms (EGs 7 and 10) in the regions toward which excitation moved across fibers, as previously described by Corbin and Scher.4 Furthermore, we found initial R waves of increasing magnitude over a distance of several centimeters along fibers on both sides of the pacing electrode (EGs 2, 3, 5, and 6). Electrodes toward which excitation moved across fibers recorded entirely negative electrograms over distances of at least 10 mm on each side of the pacing needle (EGs 7 through 12). At a greater distance, a late positive wave appeared, but the initial portion of the electrograms was always negative-trending for as long as 30 or 40 milliseconds (EGs 13 and 14). Thus, the area surrounding the pacing electrode could be divided into four sectors, two of which showed initial R waves, while the other two showed Q waves. The magnitude of the R waves in the first two sectors increased as a function of distance from the pacing needle, finally reaching 10 mV or more near the border of the sock (EG 3). Electrograms recorded from the pacing needle at increasing intramural depths after epicardial pacing were totally negative in all experiments (Fig 3B) , confirming that excitation spreading across fibers did not generate initial R waves in our experimental conditions. Intramural and Subendocardial Pacing
As mentioned above, intramural pacing gave rise to well-defined potential distributions on the epicardium at 6 to 14 milliseconds after the stimulus. Thus, for deep pacing, measurable potential distributions appeared on the epicardial surface well before the arrival of excitation at the epicardium. Fig 4C through A feature common to all cases of endocardial pacing was the increase in epicardial positivity relative to intramural pacing. As mentioned in the "Introduction," we expected the voltage of the epicardial maxima to decrease monotonically with increasing pacing depth because of the increasing distance between the current sources (wave front) and the epicardium. The voltage of the maxima did indeed decrease as a function of pacing depth when the pacing site was intramural, but when the pacing site approached the endocardium, the voltage stopped decreasing and started increasing. Two examples of this behavior are shown in Fig 6A (dog 2, left ventricle, same experiment as in Fig 4) and 6B (dog 11, right ventricle) . The knee of the voltage/depth function invariably occurred when the pacing depth was at 2 to 3 mm from the endocardium. In five needle insertions, the tip of the needle did not reach the subendocardial level; accordingly, the voltage of the maxima showed no increase at any pacing depth (Fig 6C) .
The increase in the voltage of the maxima was just one aspect of the general increase in epicardial positivity that occurred in all cases of subendocardial pacing. When the pacing depth approached the endocardial level, the epicardial area covered by positive potentials became larger and the central negative area shrank (Fig 4F, 13 mm) Evolution of Epicardial Potentials During QRS The potential maps described in the previous sections were recorded between 6 and 14 milliseconds after the stimulus. During the subsequent stages of ventricular excitation, the wave front propagated both on the ventricular surface and intramurally. The following epicardial patterns were observed.
Epicardial pacing
Wavefront. Between 10 and 40 to 50 milliseconds after the stimulus, the wave front expanded steadily until it reached the boundary of the area explored. Sequences of potential maps as displayed in Fig 7 (right ventricular  pacing) and Fig 8 (left ventricular pacing) 25 The spatial distribution of epicardial velocities for different pacing sites and depths will be addressed in a separate study.
The initial shape of the wave front was roughly elliptical, with the major axis oriented approximately along the direction of the superficial fibers (Fig 7B) . From Fig 7C) (Fig 7, 18 through 45 milliseconds). Their voltage was -20 to -40 mV.
The two minima were present in most experiments but could be consistently observed in potential maps only when the spatial resolution of the electrode array was 2.5 mm or better.
Potential maxima and positive areas. In all experiments, the two positive areas that initially faced the narrow ends of the elliptical wave front underwent a progressive expansion-rotation in a CCW direction (Figs 7 and 8 ). In the majority of cases, both initial maxima maintained their position near the narrow ends of the spreading wave front, while the surrounding equipotential lines progressively stretched in a CCW direction and became "comma-shaped" or "C-shaped" (Fig 7C and 7D) . One or more additional maxima generally appeared in the expanding positive areas ( Fig  7D, plus signs) . The expansion-rotation of the positivity resulted in positive formations flanking increasingly large portions of the long, flat sides of the elliptical wave front (Fig 7C through 7F and Fig 8D and 8E ).
On the right ventricle, the two positive areas expanded CCW in a relatively symmetrical way during the QRS interval (Fig 7) . On the left ventricle, the upper left positive formation (as displayed in Fig 8B, arrow) expanded and rotated CCW as shown for the right ventricle and produced a strong positive ridge that flanked the left side of the wave front at 30 to 40 milliseconds after the stimulus (Fig 8D) . Conversely, the lower right positive area did not produce a comparable positive formation near the right side of the wave front. The CCW expansion of the right positivity did occur but produced only low positive potentials that moved toward distant regions, away from the wave front, often beyond the boundary of the electrode array. This behavior caused the potential distribution around the wave front to become strongly asymmetrical between 20 and 50 milliseconds after the stimulus, as shown in Fig  8D and, more strikingly, in Fig 5B. In both cases, the area of low or missing positivity was located in the upper right quadrant of the electrode array. The lack of positivity, however, was not a property of a specific ventricular region: it invariably occurred on the right side of the pacing needle for all needle positions shown in Fig 1C, 1E , and 1F and for all pacing depths. Again, we tentatively attributed the weakness or absence of the late positivity near the right side of the epicardial wave front to the fact that in those areas the deep portions of the wave fronts propagated along fibers that pointed slightly toward the endocardium.
Because for all pacing depths the rotation-expansion of the right positive area produced weak positive formations that often moved out of the electrode array, we will describe more systematically the expansion-rotation of the left positive area on the left ventricular surface during the QRS interval (Figs 8 through 10 ). (Fig 8C, 8D , and 8E), we measured the angular position of the maximum that was closest to the leading edge of the expanding positive ridge (Fig 8D and 8E, arrows) . Intramural Pacing Negative areas. For intramural pacing, the area surrounding the site of insertion of the needle was weakly negative before epicardial breakthrough (Fig 9B, 8  milliseconds) . As excitation approached the epicardium, surface potential values near the pacing needle underwent small fluctuations until, at breakthrough time, they reached -30 to -50 mV in 2 or 3 milliseconds. (Fig 9C , 21 milliseconds) . A few milliseconds after breakthrough time, an array of negative, densely packed, roughly elliptical equipotential lines appeared on the epicardium (Fig 9D) . The array outlined the intersection of the emerging wave front with the epicardium. The shape of the wave front was oblong, and the orientation of its major axis was intermediate between the orientation of the fibers near the site of pacing ( Fig  9A) and the orientation of the epicardial fibers ( Fig  8A) . This (Figs 7 and 8 ). When the pacing site was intramural, the positive areas expanded both CW and CCW (Fig 9) . Subendocardial (Fig 9A) . During the subsequent 20 to 30 milliseconds, the positive equipotential lines expanded simultaneously CW and CCW, thus assuming a "C-shaped" configuration (Fig 9C through  9F) . Two distinct potential maxima developed, either simultaneously or in sequence, inside the positive C-shaped area. One maximum was invariably located in that portion of the positive ridge that expanded CW (Fig 9C, upper arrow) . It was located near the left, narrow end of the emerging wave front. Later, as the wave front propagated on the surface, this maximum moved ahead of the spreading wave front, always facing a portion of the wave front that propagated along epicardial fibers (Fig 9C through 9F) . The second maximum appeared in the CCW-expanding portion of the positive ridge (Fig 9E, arrow) and moved CCW until it reached the end of its CCW rotation or crossed the border of the electrode array (Fig 9E and 9F) . The end point of its observable CCW rotation was approximately the same for all pacing depths (Figs 8 through 10 ).
One or 2 milliseconds after the CW maximum assumed its position near the emerging wave front ( Fig 9C, upper arrow) , a symmetrical maximum reached an antipodal position near the right narrow end of the wave front (Fig 9C, 21 milliseconds, lower arrow) . This maximum belonged to the "right" positive area, part of which remained outside the electrode array in this experiment. The new maximum, too, moved ahead of the expanding wave front, always facing a portion of the wave front that spread along fibers (Fig 9C through 9F) .
Thus, a few milliseconds after epicardial breakthrough, a pair of positive maxima appeared on the epicardium, on opposite sides of the elliptical wave front. This pattern resembled the potential distribution observed in the same hearts shortly after epicardial pacing, ie, one central, roughly elliptical wave front with two maxima near the two narrow ends of the wave front (Fig 8B) . In both cases, the two maxima were an expression of the general rule that potential maxima face those portions of the wave front that move along fibers15 (see "Discussion").
Endocardial Pacing
Describing the evolution during QRS of epicardial potentials produced by endocardial pacing poses difficult problems because of the diversity of initial patterns, shown in previous sections. We will describe first those cases (40% of all endocardial stimulations) in which the initial pattern was similar to that observed during intramural pacing (one central minimum and one or two peripheral maxima, see Fig lOB) . In these cases, the negative area first shrank (Fig lOC and lOD) and then expanded again at breakthrough time (Fig lOE, 34  milliseconds) . We attributed the relative predominance of positive epicardial potentials in these experiments, compared with intramural and epicardial pacing, to the fact that the wave front was widely open toward the ventricular cavity and had a large endocardial rim in contact with cavitary blood. This condition enhanced the relative strength of the transverse (as opposed to axial) current generators associated with the wave front (see "Discussion"). Because epicardial pacing generated an almost exclusively CCW expansion of the positive areas and intramural pacing produced a partly CW and partly CCW expansion, endocardial pacing was expected to produce only a CW expansion of the positivity. In fact, it gave rise to a preponderant CW expansion but also to some degree of CCW expansion (Fig 10) . Endocardial pacing, like midwall pacing, also produced two antipodal maxima shortly after breakthrough time. Again, the two maxima faced opposite sides of the emerging wave front (Fig lOE and lOF, plus  signs) . Additional complexities resulted from the occurrence of multiple breakthroughs (Fig lOE, three arrows) and merging wave fronts, which created extensive negative areas (Fig lOF) .
In the remaining 60% of the cases, a predominantly CW rotation of the positive areas was invariably present, but the potential patterns were often complex, and the amount of rotation was measurable only in half of those cases.
In all the experiments, the amount of CCW rotationexpansion of the positive areas decreased with increasing pacing depth, and the CW rotation increased. The total measurable rotation (CW plus CCW) remained havior is illustrated in Figs 8 through 10 and in Fig 6D  for another experiment.
The sequence of epicardial events observed during QRS for ventricular pacing at different depths did not always rigorously match the schematic description given above. For instance, in some cases, one or two additional maxima that did not fit into the pattern described appeared around the wave front, but this always happened at 50 milliseconds or later, when involvement of Purkinje fibers may have played a role in creating new wave fronts. Also, for deep pacing sites, the presence of multiple breakthroughs interfered with the regular expansion-rotation of the positive ridges.
In summary, intramural and endocardial pacing gave rise to a simultaneous CW and CCW expansion of the initial positivity that occurred in all the experiments. After epicardial breakthrough, two antipodal maxima appeared near those portions of the epicardial wave front that propagated along fibers. Pacing at increasing depths along a given needle produced varying amounts of CW and CCW expansion of the positive areas during QRS, but the sum of the CW and CCW expansion, when measurable, remained approximately constant for all pacing depths. Thus, the behavior of the positive areas during the QRS interval indicated the approximate intramural depth of the site of origin of a paced beat and also revealed whether the wave front was traveling in an epi-endocardial, endo-epicardial, or double direction.
Correlation Between Fiber Direction and Potential Patterns Recorded During the QRS Interval
The good correlation between fiber direction near the pacing sites and epicardial potential distributions in the early stages of a paced beat was documented in a previous section. During later stages of ventricular excitation, correlating electrical data with histological findings posed more difficult problems because the wave front spread through deep myocardial regions and we did not know the exact shape and location of those deep portions of the wave fronts. Also, the maxima often moved out of the electrode array before completing their rotation (Figs 8 through 10) . In one case, the total rotation-expansion of a positive area during QRS was measurable (dog 16, right ventricle, not shown) and could be compared with the total transmural rotation of the fibers in the underlying myocardial areas. The total rotation of the left maximum during QRS was 800 (epicardial pacing), and the rotation of the fibers in the relevant areas was 900 to 1000. A qualitative agreement between rotation of maxima during QRS and rotation of fibers in the left ventricle was observed in 4 dogs (see Figs 8 through 10 ).
Multiple Maxima in the Expanding Positive Areas
We have shown that multiple maxima appeared in most experiments during the expansion of the positive areas for all pacing depths. Fragmentation of the maxima could appear as early as 10 milliseconds after an epicardial stimulus, as observed in dog 17 with a 744-lead sock (Fig 5F) . In another case, fragmentation appeared as late as 40 milliseconds after epicardial pacing (Fig 5E) . In other cases, no fragmentation occurred during the CCW rotation of the maxima. approximately constant for all pacing depths. This beDuring intramural pacing, two separate maxima gener- ally appeared in the left positive area as it expanded simultaneously in a CW and CCW direction (Fig 9E) . Fragmentation was never observed in previously published simulated maps.15 '16 (Fig 1OE and lOF) . (2) ways for midwall pacing, thus revealing whether intramural propagation occurred in an epi-endocardial or endo-epicardial direction or both ways. These features provided further information about the position and intramural depth of the pacing site. In addition, epicardial potentials revealed a number of features that we had not predicted at the onset of our study. The unpredicted findings were the asymmetry of the positive areas, the increase in epicardial positivity when the pacing site approached the endocardium, the appearance of a central positive mountain for endocardial pacing, and the fragmentation of the maxima within the expanding positive areas during the QRS interval.
All the potential patterns described in this study, except the fragmentation of the maxima, can be interpreted in the light of the "oblique dipole layer," a mathematical model of the excitation wave front first published by Colli Franzone et als in 1982 and recently updated by the same authors.'5 This model represents the electrical generators associated with the excitation wave front as the superposition of an axial and a normal dipole layer. Both layers cover the entire wave front. The axial layer is constituted by dipoles that are parallel to the local fiber direction at all points of the wave front. The normal layer is made up of dipoles that are oriented normal to the wave front and is identical with the classic model of the wave front (uniform dipole layer). The updated model of the wave front'5 maintains the essential properties of the older model but takes into consideration the structure of the myocardium as an anisotropic bidomain and avoids the simplifying assumption of a wave front having zero thickness.
When the wave front is a closed surface (early stages of an intramural stimulation) or behaves like a closed surface because its rim is epicardial and exposed to air (early stages of an epicardial stimulation),27 the normal dipole layer does not generate any potential field outside or inside the wave front. Its only electrical manifestation in the extracellular media is a potential jump of 30 to 50 mV across the entire wave front surface. In these conditions, the potential distribution in the entire heart and body (except across the wave front) is determined solely by the axial dipole layer. Conversely, when the rim of the wave front is in contact with a conducting medium (eg, cavitary blood or thoracic tissues), both the axial and the normal dipole layers participate in determining the potential field in the entire heart and body.
In our experiments, the "closed surface" conditions occurred after epicardial and intramural stimulation and lasted until the wave front reached the endocardium, ie, approximately 33 milliseconds after the stimulus for epicardial pacing and progressively less for intramural pacing at increasing depths. Thus, our experiments provided a tool for selectively studying the axial component of the cardiac generators.
The model explains why, in the early stages of propagation after epicardial stimulation, potential maxima and ECG R waves occurred only in those epicardial regions toward which the wave front propagated along fibers (Figs 2 and 3 ). The reason is that only the axial dipoles, parallel to the fibers, affected the potential distribution outside and inside the wave front. In these conditions, the linear quadrupole model provided a reasonable approximation of the potential field at some distance from the wave front.20 Extracellular currents flowed from the two positive poles (plus signs in Fig 2E) toward the resting tissue and then into the excited areas by crossing the wave front. Similarly, intramural pacing produced a closed, ellipsoidal wave front whose major axis was parallel to the deep fibers near the pacing site. These deep wave fronts were not actually detected in this investigation but were demonstrated by previous experimental and model studies.12'528 The intramural wave front generated two deep maxima aligned with the deep fibers and a central negative area whose far-field effects on the epicardium manifested themselves as a central, weak negative region and two peripheral maxima ( Fig 4C through 4F) Both the oblique dipole layer and the linear quadrupole models predict a progressive decrease in the voltage of the epicardial maxima and an increase in their spatial separation with increasing pacing depth.15 This behavior was in fact observed for pacing depths between 0 and 8 or 10 mm in the left ventricle (Fig 4) and is consistent with previous simulations. However, when the pacing depth approached the endocardial level, the voltage of the maxima increased (Fig 6A and 6B) , the separation between maxima decreased, and the negative area shrank (Fig 4F) or was replaced by a central positive mound (Fig 5C) . The oblique dipole layer model provides the following explanation for this behavior: subendocardial pacing produced a wave front that opened at the endocardium at 5 to 10 milliseconds after the stimulus. As soon as the wave front acquired an endocardial rim that was in contact with cavitary blood, a conducting medium, the normal dipole layer started producing currents that flowed through the entire heart and body tissues. In terms of potentials, the normal dipole layer projected positive potentials into the ventricular wall, and on the epicardium, negative potentials into the cavity. These currents and potentials added themselves to those generated by the axial component. The resultant effect on the epicardium was an increase in positivity, a decrease of the negative values, and a shrinking of the negative areas. These effects are visible in Figs 4F, 6A and 6B, and lOC and lOD. In 10 of 25 cases of endocardial pacing, the normal component did not obscure the essential features produced by the axial component. In these cases, endocardial pacing produced epicardial maps that still showed a central negative area with one or two peripheral maxima (Figs 4F and lOB). In 5 cases, the effect of the normal component was preponderant in the initial stages of excitation and created a mound of positive potentials that covered a large epicardial area for 5 to 15 milliseconds (Fig SC) . Later, the axial component became predominant and reestablished the characteristic epicardial pattern with one central minimum and one or two peripheral maxima (Fig SD) . The latter behavior is consistent with model simulations (see Fig 6C in Colli Franzone et al12). In the 10 remaining cases, the mixture of axial and normal effects created patterns that were difficult to interpret in terms of fiber direction. The reasons why the normal component prevailed only in part of the experiments and for a variable time are still unclear. A model study of the factors that affect the ratio of the two contributions, axial and normal, and the resulting potential patterns during transmural propaga-
Rotation-Expansion of Positive Areas
The rotation-expansion of the epicardial positive areas during the QRS interval may be interpreted as follows: Epicardial pacing created a wave front that spread both on the ventricular surface and into the depth. The superficial portion of the wave front propagated both along fibers and across fibers. The part that propagated along fibers produced two epicardial maxima that moved ahead of the wave front. The portion that spread into the depth produced positive areas only in those deep myocardial regions toward which it propagated along fibers, as shown by intramural measurements and simulations.1528 This process generated a helical intramural positivity that expanded CCW and into the depth during the QRS interval. Part of the deep positivity was transmitted as a far-field effect to the epicardium, where an attenuated, CCW-expanding positive area appeared. Midwall pacing gave rise to a wave front that propagated both downward toward the endocardium and upward toward the epicardium. The portion that moved downward encountered fibers that rotated CCW and produced a CCW expansion of the positivity both intramurally and on the epicardium. The portion that moved upward encountered fibers that rotated CW and produced a CW expansion of the deep and epicardial positivity. This resulted in a double expansion, CW and CCW, of the epicardial positivity (Fig 9E) . When the upper portion of the wave front reached the surface, the wave front acquired an epicardial rim that propagated on the epicardium and generated its own pair of epicardial maxima, facing those portions of the epicardial wave front that propagated along epicardial fibers (Fig 9C, arrows) . Finally, endocardial pacing gave rise to a wave front that spread both on the endocardial surface and into the wall. The portion that propagated into the wall encountered fibers that rotated CW and produced a CW epicardial expansion of the positive areas. The small CCW component of the epicardial rotation observed during endocardial pacing was probably produced by that part of the wave front that propagated along the endocardial surface, where fiber direction often rotated further CCW at increasing distance from the pacing site, as shown by our histological studies (Fig lOA) . Establishing the possible role played by involvement of Purkinje fibers in these phenomena will require a separate investigation.
The fact that the sum of the CW and CCW expansion of the epicardial positive areas was nearly constant for all pacing depths in a given experiment (Fig 6D) is consistent with the interpretation given above. For all pacing depths, the wave front propagated through the entire thickness of the wall, thus encountering fibers that underwent the same total amount of rotation. Also, intramural measurements28 and model simulations15 confirmed the presence of deep intramural potential maxima facing those deep sections of a wave front that propagated along deep fibers.
Asymmetry of Potential Distributions
A feature not reproduced by any published numerical simulation was the weakening or total disappearance of one of the two peripheral maxima, which occurred both early in QRS (Figs 4C and SA) and during later stages tion would probably elucidate this point.
of propagation (Fig 5B) . As discussed in the "Results," the asymmetry of the positive areas was attributed to the epi-endocardial obliqueness of intramural fiber pathways. 9 
Multiple Maxima
Another feature not reproduced by the available numerical simulations is the presence of multiple maxima in the expanding positive areas, which we observed in most experiments for all pacing depths. We do not have a valid interpretation for the fragmentation of the maxima. Possible causes are the discontinuities of the wave fronts due to the presence of connective septa,29 undulations of fiber directions, and the presence of vessels in the wall. The opening of a wave front at the endocardium and additional wave fronts produced by involvement of Purkinje fibers may also have produced separate maxima in later stages of propagation but cannot explain the fragmentation at 10 milliseconds after an epicardial stimulus that was observed in one case (Fig 5F) . Other anatomic discontinuities as described by Hort30 and Hunter et a31 might play a role in producing fragmentation of the wave front and additional maxima. However, the multiple clefts described by these authors should considerably delay intramural propagation, an effect that was not confirmed by our intramural measurements (unpublished observations Our study contributes to the solution of the forward problem in that it describes both the wave fronts and the associated potential distributions on the epicardium for a variety of excitation sequences. Depicting both the cardiac electric sources (wave fronts) and the associated potential fields, as we did in this study, represents the only means available to us to address the forward problem experimentally. The ultimate solution to the forward problem, however, will require a mathematical model that simulates both the wave fronts and the potential distributions. Several such models are now available in the literature.15-17 These models, however, are necessarily based on simplifying assumptions: a flat ventricular wall, the constant shape of the transmembrane action potential, constant fiber direction at a given intramural depth, a simplified Purkinje network, etc. Because of these assumnptions, the mathematical simulations available at present reproduce only part of the electrical features that occur in the real heart, as shown in this study. The only way to evaluate the accuracy of the forward models consists of comparing the simulations with real data of the kind we obtained in this study. The results of the present investigation are in good agreement with recent numerical simulations15 and indicate which aspects of the simulations need improvement. In future work, complete evaluation of the models will require three-dimensional, intracardiac measurements. These experiments are actually in progress, and partial results have been published. 28 The contribution of this study to the solution of the inverse problem is only indirect and essentially consists of helping with the solution of the forward problem, an indispensable preliminary step. Our data show that neither the forward nor the inverse problem as defined above can be solved without a good knowledge of the distribution of fiber directions in the heart. Fortunately, complete descriptions of fiber directions in the ventricles are now available.1' Recent studies35 show that knowledge of fiber directions removes the indeterminacy of the inverse problem, which now has a unique solution in terms of intracardiac sources. In addition, by using an elementary knowledge of fiber architecture in our hearts, we were able to obtain some information on intracardiac activity from visual inspection of epicardial potential patterns. These patterns enabled us to estimate the location and intramural depth of the site of origin of a paced beat and to establish whether excitation in the area explored was spreading in an epiendocardial or endo-epicardial direction or both ways. Previous studies showed that abnormal intramural events, eg, the presence of a small, local necrosis5 and the site of origin of reentrant tachycardias,736 can also be inferred from epicardial or endocardial potential maps. These findings suggest the possible practical utility of measuring epicardial potentials.
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